Coherent control is an optical technique to manipulate quantum states of matter. The coherent control of 40-THz optical phonons in diamond was demonstrated by using a pair of sub-10-fs optical pulses. The optical phonons were detected via transient transmittance using a pump and probe protocol. The optical and phonon interferences were observed in the transient transmittance change and its behavior was well reproduced by quantum mechanical calculations with a simple model which consists of two electronic levels and shifted harmonic oscillators.
I. INTRODUCTION
Coherent control is a technique to manipulate quantum states in matter using optical pulses 1-3 and applied to electronic states, spins, molecular vibrations and phonons [4] [5] [6] [7] [8] [9] [10] [11] [12] . The coherent control of optical phonons has been widely achieved in various materials such as semiconductors, semimetals, superconductors and dielectric materials [13] [14] [15] [16] [17] . Recently, a theory of the coherent control of optical phonons by double-pulse excitation had been developed base on the simple quantum mechanical model with two-electronic bands and shifted harmonic oscillators 18, 19 . We demonstrated the coherent control experiment on the optical phonons in a single crystal of diamond and analyzed the data by using the developed theory 20 .
The optical phonon in diamond has high frequency (approximately 40 THz) and is expected to be used as a qubit operating at room temperatures [21] [22] [23] [24] . The coherent optical phonons in diamond have been studied using femtosecond optical pulses and its generation mechanism has also been discussed with quantum mechanical calculations. 19, 20, [25] [26] [27] [28] We have demonstrated the coherent control of amplitude and phase of the coherent optical-phonon oscillation in diamond using a pair of sub-10-fs infrared pulses at delays between 230 and 270 fs, in which two pump pulses were well separated 20 . The observed behavior of the amplitude and phase were well reproduced by the developed theory. However, one of the paths, in which electronic excitation and de-excitation occur in the different pump pulses, was ignored in this delay range, because two pump pulses were well separated. In the present work, we examined the coherent control of the optical phonons in diamond at pump-pump delays between -10 and 120 fs. We analyzed the experiment using quantum mechanical calculations.
II. EXPERIMENTAL
The coherent optical phonons were investigated using a pump-probe-type transient-transmission measurement with two pump pulses (Fig. 1 ). The used laser was a Ti:sapphire oscillator (FEMTOLASERS: Rainbow) operating with a repetition rate of 75 MHz. Fig. 2 (a) shows the spectrum measured immediately behind the output port, which has peaks at 694, 742, 792, 846 and 896 nm, measured using a USB spectrometer (OceanOptics: USB2000). Fig. 2 (b) shows the pulse waveform generated by Fourier transformation of five Gaussian curves. The pulse width was estimated to be 8.3 fs as full width at half maximum by using the frequency-resolved autocorrelation measurement (FEMTOLASERS: Femtometer).
The output from the Ti:sapphire oscillator was introduced to compensate the group-velocity dispersion using a pair of chirp mirrors and divided into two pulses by a beam splitter. One was used as a pump pulse and the other was used as a probe pulse. The pump pulse was introduced to a scan-delay unit operating at 20 Hz in order to control a delay (t) between pump and probe pulses. The pump pulse is introduced to a homemade Michelson-type interferometer 29 to produce a pair of pump pulses (pump 1 and 2). One optical arm of the interferometer was equipped with an automatic positioning stage (Sigma Tech Co. Ltd., FS-1050UPX), which moves with a minimum step of 1 nm. The delay between pump 1 and 2, τ (fs), was controlled by the stage of Michelson interferometer in 0.5 fs steps. The optical interference of pump-pump delay was detected by a photodiode (PD1).
The probe pulse was picked up by a 95:5 beam splitter to measure the reference beam intensity at a photodiode (PD2). Thereafter, both pump and probe pulses were focused on the sample by using an off-axis parabolic mirror with a focal length of 50 mm. The transmitted pulse from arXiv:1912.12402v1 [physics.optics] 28 Dec 2019 the sample was detected with a photodiode (PD3). By applying the opposite bias voltages to PD2 and PD3, we set the balanced detection before the experiment. Its differential signal, amplified with a low-noise current amplifier (Stanford Research Systems: SR570), was measured by a digital oscilloscope (Iwatsu: DS5534). To reduce the statistical error, the 32 000 signals were averaged and taken as the measured value. By converting the temporal motion of the scan delay unit to the pump-probe pulse duration, the temporal evolution of the transmittance change ∆T /T 0 was obtained. Here we used the heterodyne detection technique. The powers of the pump 1 and 2 and the probe were 21.2 mW, 21.3 mW, and 3.1 mW, respectively. The sample used was a single crystal of diamond with a [100] crystal plane, which was fabricated by chemical vapor deposition and obtained from EPD corporation. The type of diamond was intermediate between Ib and IIa and its size was 5 × 5 × 0.7 mm 3 . The polarization of the pump and probe pulses were set along the [110] and [−110] axes, respectively.
FIG. 1: Schematic of the experimental setup for coherent control measurements of optical phonon using the double pumpprobe technique. This is a setup for the transient transmission measurement. Red and black dashed lines represent the optical path and the electric connection, respectively. Figure 3 is a two-dimensional map of the transient transmittance change ∆T /T 0 as a function of the pump1probe delay (t: horizontal axis) and pump1-pump2 delay (τ : vertical axis). At the fixed pump1-pump2 delay (τ ), ∆T /T 0 shows the sharp peak at delay zero between pump and probe and the successive oscillation with a frequency of 39.9±0.05 THz, which have been reported in a previous paper 20 . The oscillation is assigned to the opti- The Fourier transformation was performed between 0.5 ps < 1.5 ps along the pump-probe delay after the irradiation of pump 2 at the each pump-pump delay. The optical phonon amplitude was obtained by the integra-tion of the Fourier-transformed data between 37.5 THz ∼ 42.5 THz, and then plotted against the pump-pump delay τ in Fig. 4 (a) . Figure 4 (a) shows slow and fast oscillations, with an oscillational period of approximately 25 and 2.7 fs, respectively. The slow oscillation with a period of approximately 25 fs is observed at the pump-pump delay τ > 15 fs. This oscillation is consistent with the oscillating function in the range of the pump-pump delay between 230 and 270 fs in a previous study 20 . The amplitude is enhanced or suppressed at timing of the pumppump delay which matches to integer or half-integer multiply of the phonon oscillation period. This is due to constructive or destructive interference of coherent phonons. On the other hand, the rapid oscillation with a period of approximately 2.7 fs is observed at the pump-pump delay τ < 15 fs. This oscillation continues on the oscillating function of the constructive and destructive interference of coherent phonons until approximately 80 fs. The rapid oscillation would be originated by the optical interference of the dual pulses because the influence of optical interference detected by PD1 ( Fig. 4 (b) ) appeared in Fig. 4 (a).
III. RESULTS AND DISCUSSION

A. Experimental results
FIG. 4:
The amplitude of (a) the controlled oscillation after pump 2 and (b) the optical interference against the pumppump delay (τ ). The amplitude is normalized using that obtained after excitation after only pump 1; oscillation between the pump 1 and pump 2 irradiation timing.
B. Theoretical calculations
In order to explain the behavior at the pump-pump delay τ < 50 fs, we performed the quantum mechanical calculations for the coherent control of optical phonons in a pulse-overlap region. The coherent optical phonons should be excited by the impulsive stimulated Raman scattering (ISRS) process 18 at an off-resonant condition because the energy of the optical pulses (around 1.5 eV) was well below the direct band gap (7.3 eV) of diamond 30, 31 .
We calculated the generation of the coherent phonons using a simple model with two-electronic levels and shifted harmonic oscillators. We used a model Hamiltonian of the electron-phonon system as
where ω is the phonon frequency, is the excitation energy, and α represents the electron-phonon coupling. |g and |e denote the electronic ground and excited states, respectively. b † and b denote creation and annihilation operators for the phonon. The interaction Hamiltonian with the optical pulse is given by
where µ is the transition dipole moment and E(t) is the electric field of the pulse. We used a density operator formalism and the second-order perturbation, which is described in previous papers 18, 32 . Figure 5 shows the double-side Feynman diagrams for ISRS paths on the double pulse excitation 13 . E 1 (t) and E 2 (t) are the electric field of pump 1 and pump 2. Interaction between the optical pulse and the system occurs at time t 1 and t 2 . The first diagram ( Fig. 5(A) ) indicates the path A, in which the phonons generated by only the pump 1; the electronic excitation and de-excitation occur within the pulse. In a similar way, the phonons are generated by the only pump 2, which is the path B and shown in the second diagram ( Fig. 5(B) ). Figures 5(C) and (D) show the path C and D in which the phonons are excited by both pump 1 and 2. The phonon-excitation and de-excitation are induced by the pump 1 and pump2, respectively, in the path C and vis versa in the path D.
By using the second-order perturbation, the density operator for all paths, ρ(t), is obtained as
where |g, 1 and g, 0| indicate the state vector for the electronic ground state with one-phonon state and that with zero-phonon state, respectively. It should be noted that time t should be enough after the irradiation of pump 2. Details for the calculation of the density operator are described elsewhere 13, 32 .
In the calculation, we used the optical pulse composed of five Gaussian pulses: where E k , Ω k , and σ k are the ratio of electric-field strengths, the optical frequency, and the pulse width of each component. The parameters were determined by curve fitting of the measured spectrum with five Gaussian-shape spectrum. The fitted spectrum is shown in Fig. 2 (a) . θ is the linear chirp rating. The electric field of pump 2 is defined as E 2 (t) = E 1 (t−τ ), where τ is a delay between pump 1 and pump2. θ is set to 5 × 10 −4 (fs −2 ) by comparing the first order optical interference derived from the electric field of the two pump pluses with the detected optical interference ( Fig. 4(b) ). The mean value of the phonon coordinate is obtained by Q(t) = Tr{Qρ(t)}, where Q ≡ /2ω(b + b † ) and Tr indicates that the trace should be taken over the electronic and phonon variables.
The calculated phonon amplitude for all paths shown in Fig. 6(b) represents well the experimental data ( Fig.  6(a) ). The rapid oscillation with a period of approximately 2.7 fs at the pump-pump delay τ < 15 fs is caused by the optical interference, which is represented by paths C and D. This interference pattern corresponds well to the optical interference (shown in Fig. 4 (b) ) and no electronic-coherence effect, which was reported in the coherent-control experiments on GaAs at resonance conditions 32 , has not been observed. On the other hand, the slow oscillation with a period of approximately 25 fs is caused by the phonon interference, which is due to the path A and B. In fact, the calculated phonon amplitude via path A and B shows only the slow oscillation as shown in Fig. 6 (c) . As already reported 20 , the phonon amplitude after the second pump pulse irradiation is a sum of two sinusoidal functions induced by each pulse.
